The infectious hypodermal and haematopoietic necrosis virus (IHHNV), pathogenic for penaeid shrimp, is an icosahedral unenveloped particle, 22 nm in diameter, with an ssDNA linear genome, and proposed to be a member of the Parvoviridae. A large majority of minusstrand DNA is incorporated into the capsids compared to the plus-strand. A small amount of reannealed plusand minus-strands (dsDNA) obtained after nucleic acid extraction was blunt-ended and cloned into the system pUC18/Escherichia coli strain DH5cc Selected clones were studied and characterized using restriction enzymes. One of them, BQ31, was used to construct different sized probes labelled with digoxigenin-lldUTP. These probes failed to hybridize with DNA of some insect parvoviruses and with DNA of a parvo-like virus of shrimp. They reacted strongly with dilutions of homogenized IHHNV-infected shrimp tissues and, conversely, did not react with uninfected shrimp tissues.
Introduction
Infectious hypodermal and haematopoietic necrosis (IHHN) disease (Lightner et al., 1983 ) is one of the most serious viral diseases of farmed penaeid shrimps. Its spread to many countries with developing shrimp culture industries in asymptomatic carriers and its broad host range have contributed to its notoriety as a disease of many species of cultivated penaeid shrimp (Lightner et al., 1989; Lightner & Redman, 1991 , 1992 .
Recently, the virus was isolated, characterized, and according to its characteristics (i.e. non-enveloped, icosahedral particle of 22 nm in diameter, buoyant density of 1.40 g/ml in CsC1, ssDNA genome estimated to be about 4.1 kb) it was placed within the Parvoviridae family (Bonami et al., 1990) . However, the histological characteristics of the disease (the presence of a Cowdry type A inclusion body in nuclei of target tissues), associated with the presence or absence of a very weak Feulgen-positive reaction of the nucleoplasm, or the absence of dense nuclei as for insect densonucleosis, underline the unusual features of this virus and the difficulty of its diagnosis. Unfortunately, no cell lines exist to grow this virus and, therefore, purification of the agent from batches of infected animals yielded highly variable results and generally only small quantities of virus. To investigate the possible strain differences of this virus, it was necessary to investigate the genomic structure of one strain which may then be used as the reference strain after cloning. We report here our results on gel electrophoresis of the extracted IHHNV DNA, its partial cloning, and the use of a highly specific probe for its detection.
Methods
Virus strain. The source of virus was a batch of 75 gnathotoracies of 10 g of juvenile Penaeus stylirostris, obtained from Marine Culture Enterprise (Hawaii) and stored at -70°C from August 1987. Purification of the virus and verification of its purity by transmission electron microscopy (TEM) were done as described previously (Bonami et al., 1990) .
Insect parvoviruses tested. Dr X. Jousset (Station de Pathologie Compar6e, INRA-CNRS, St Christol, France) kindly provided dot blots of DNAs from the following insect parvoviruses: AaPV, virus isolated from the C6/36 cell line of Aedes albopictus, JcDNV from Junonia caenia, AdDNV from Acheta domestica, and VIM isolated from Culex pipiens.
Enzymes. Restriction endonucleases and mung bean nuclease (MBN) were purchased from Boehringer-Mannheim, T4 DNA ligase was from Stratagene and RNase A from Sigma. They were used according to the manufacturers or according to standard methods (Maniatis et al., 1982) .
DNA extractions. Viral nucleic acid extractions were done as previously described (Bonami et al., 1990) , except that the DNA was resuspended in TE buffer (10 mM-Tris HCI, 1 mM-EDTA, pH 8). IHHNV DNA was treated with RNase A, MBN, and by heat treatment (5 min at 95 °C and chilled quickly in an ice bath).
Agarose gel electrophoresis. All the agarose gel electrophoresis analyses were done in Tris-borate-EDTA buffer (Maniatis et al., 1982) and gels were stained with ethidium bromide (0.5 gg/ml) incorporated in the gel. The viral nucleic acid (obtained from different purifications, but derived from the same batch of shrimps as identified above) was analysed in a 1% agarose gel. Gels ranging from 0.7 to 1.2 % were used for plasmids and restriction fragment-based determinations of molecular size. HindIII and HindIII/EcoRI digests of 2 DNA were used as size markers. After electrophoresis, bands of interest were excised from the gel and the DNA was directly recovered using the Geneclean II Kit (Bio 101).
Library construction and screening. The IHHNV dsDNA fraction was obtained by MBN digestion of the total viral nucleic acid. After phenol-chloroform extraction and ethanol precipitation, the bluntended dsDNA was resuspended in 0.1 x TE buffer and directly ligated with T4 DNA ligase into the dephosphorylated Sinai site of the pUC 18 vector. Transformation was done according to standard methods (Maniatis et al., 1982) using competent Escherichia coli DH5~ cells. Alkaline lysis minipreparations were used for screening transformed plasmids. Large-scale preparation by alkaline lysis and CsC1 purification (Maniatis et al., 1982) was used for plasmids of interest. Restriction enzymes were used for screening and to map the inserts.
DNA labelling. The Genius I Kit (Boehringer-Mannheim) was used according to the manufacturer's directions for labelling [incorporation of digoxigenin (DIG)-I I-dUTP by random primed labelling reaction], hybridization and detection. Southern blot transfer (Maniatis et al., 1982) and dot blot techniques were performed on BA85 nitrocellulose membranes (Schleicher & SchueU).
In situ hybridization. IHHNV-infected and uninfected P. stylirostris were fixed in Davidson's fixative according to Bell & Lightner (1988) and paraffin-embedded. Some sections, 5 gm thick, were stained with haematoxylin and eosin (H/E) (Bell & Lightner, 1988) for histological reference. Others were used for in situ hybridization using DI@I 1-dUTP-labelled probes, as described in the technical manual from the manufacturer (Boehringer-Mannheim).
Results

IHHNV purification
The method used yielded sufficient quantities of pure IHHNV suspensions, containing 100 % full particles and no cell contaminants as estimated by TEM after negative staining (2% phosphotungstic acid, pH 7), to permit subsequent studies on its genome.
Further study of the IHHNV genome
Acquisition of a sufficient quantity of viral nucleic acid was limited by the production of purified virions from infected shrimp tissue. For this study, starting from a highly purified virus suspension of 700 gl we obtained about 2-5 gg of genomic viral DNA.
The use of a larger amount of nucleic acid allowed the detection by agarose gel electrophoresis of three different bands (A, B and C) in a smear of degraded DNA (Fig.  1 ). Band A, the slowest, was the most difficult to observe and was located at approximately 6-5 to 7 kbp (compared to size markers). Band B, the very faint intermediate band, was estimated to be 4 kbp. Band C was a very well marked although slightly diffuse band and was the only one to be noted when lower DNA concentrations were used. Compared with the size markers, the location of C was slightly variable, depending on the experimental conditions (agarose concentration, electrophoresis duration); in 1% agarose gels, its position varied from 2-6 to 1'5 kbp.
The RNase A digestion did not affect the three bands (A, B and C); only a smear of diffuse material, located in an area corresponding to low M r, indicated digestion. After digestion with MBN, only the intermediate B band remained visible and at the same position (Fig. 2) . After denaturation by heating, only the C band remained, and apparently in a larger amount (Fig. 2) .
Cloning of the IHHNV genome
Our strategy was to use for cloning the relatively small amount of dsDNA present in our preparations which corresponded to the faint band B obtained after electrophoresis of the extracted IHHNV genome. A good transformation efficiency was obtained and about 5000 transformed (white) colonies were isolated. To date, only 500 transformants have been screened by plasmid isolation. After digestion with different restriction enzymes, the size of the inserts was found in a large proportion of the transformed colonies to be less than 1 kbp; only 5 % exhibited a size greater than 1 kbp and only one clone, BQ31, had an insert larger than 4.5kbp. Finally, BQ31 and some other clones with inserts of 2 kbp or larger were selected for further studies. Specifically, clones BG45 (2.3 kbp), BA401 (2.0 kbp), BA402 (3"2 kbp) and DR22 (2.1 to 2.2 kbp) were chosen.
Mapping of the inserts
With a view to characterizing each insert and to reveal possible similarities, restriction maps were constructed. It was possible to localize the restriction sites for the enzymes AccI, BglII, EcoRI, HincII, KpnI and PstI. Fig.  3 summarizes the mapping of these inserts. However, these five clones did not possess any sites for a majority of the enzymes tested. These enzymes were BamHI, EcoRV, HindIII, SacI, SmaI, SaII, XbaI and XhoI. Moreover, for BQ31 the following additional enzymes did not cut the DNA: ApaI, EagI, SpeI, KspI, ClaI and NotI.
After different digestions, the size of the insert of BQ31 was estimated to be 4-5 to 4.7 kbp, which is larger than the TEM-estimated size of the I H H N V genome. This fact is confirmed by comigration in agarose gel electrophoresis : the B band of the viral dsDNA migrates a little farther than the BamHI/Sacl-digested insert (Fig. 2) .
Moreover, the BQ31 map exhibits a repetition of a unique sequence 1"3 kbp long. According to the maps of Fig. 3 , this last sequence (1"3 kbp) is present in the BQ31, BA401 and BA402 inserts. Moreover, some similarities were noted between BG45 and DR22, but no obvious homology was found between them. These results underline that only parts of the genome were cloned.
The I H H N V DNA was inserted into the Sinai site of the pUC18, which is flanked in the multiple cloning region by BamHI and SacI sites. Neither of these sites is present in any of these inserts. Hence, by double digestion with BamHI/SacI, it was possible to remove a complete insert with only a few bases remaining from pUC 18.
Probe preparation and specificity
To carry out further investigations, we labelled the following DNA fragments from the BQ31 plasmid with DIG-11-dUTP to be used as probes (Fig. 4) with EcoRI and BamHI enzymes, with sizes of 1'0, 2'3 and 1'3 kbp, respectively. We probed with BS4.5 a Southern blot transfer of a gel electrophoresis preparation of the IHHNV DNA showing the three different bands (A, B and C). Fig. 5 shows the hybridization with all of the smear and the three bands. The sensitivity level was estimated by dot blotting at about 0"5 pg of IHHNV DNA. This result confirms that the cloned DNA corresponds to at least part of the viral genome. BE 1.3, BE2.3 and BE 1.0 probes were used to test, by cross hybridization, the three EcoRI fragments of the BQ31 insert. The two fragments at the extremities (1.0 and 1.3 kbp) do not hybridize together but hybridize with the central part (2-3 kbp) indicating homologous sequences which we suspected from the restriction map.
BamHI/EcoRI-digested plasmids BA401, BA402, BG45 and DR22 were probed, after electrophoresis and Southern blot transfer, with BS4.5 (Fig. 6 ). Hybridization was obtained with all of the insert fragments of BA401 and BA402. Although no homology was evident from the restriction map, the BS4.5 probe hybridized with the 1-1 and 1-5 kbp fragments of the BG45 and DR22 plasmids, respectively.
The specificity of probe BS4.5 was investigated by dot blotting using 10-fold dilutions of extracted IHHNV DNA, purified IHHN virions, homogenized tissues from known IHHNV-infected animals, healthy animals, and purified hepatopancreatic parvo-like virus (HPV; Lightner & Redman, 1985) , and tissues (hepatopancreas) of known HPV-infected shrimps. The results clearly indicate a good degree of specificity of this probe; that is, except for a small cross-reaction with the pUC18 plasmid (due to a slight contamination of the insert by some pUC18 fragment residues), no cross-hybridization with the shrimp DNA from a healthy animal or with HPV was detected.
Attempts to hybridize probe BS4.5 with four different insect parvovirus DNAs (AaPV, JcDNV, AdDNV and VIM) were unsuccessful, underlining its high specificity for IHHNV. Moreover these results were confirmed by attempting to hybridize IHHNV DNA and the insert BQ31 with probes specific for the genomes of these four parvoviruses (X. Jousset, personal communication).
In situ hybridization
The BS4.5 probe was tested in situ on paraffin sections of IHHNV-infected and healthy animals. No reaction was found in uninfected tissues. Conversely, a strong positive reaction was obtained in infected animal sections ( 7a, b). Known target tissues for IHHNV were positive and at the cellular level, exhibited labelled areas in both the cytoplasm and nucleus of many cell types. The Cowdry type A inclusion bodies, which are the principal histological diagnostic characteristic of this disease, were strongly labelled (Fig. 7a) . Parallel H/E-stained sections from the same infected and uninfected tissues (Fig. 8 a, b) were in agreement with the previously published data on the disease (Bonami & Lightner, 1991; Lightner & Redman, 1991 , 1992 . However, more importantly, low levels of infection in some sections were easily noted, even when no histological signs (H/E stain) of infection were apparent (Fig. 7b, Fig. 8b ).
Discussion
Using a larger amount of extracted IHHNV DNA than was used in our previous study (Bonami et al., 1990) , three bands (A, B and C), instead of one, and a smudge of RNase-sensitive material were demonstrated in agarose gel electrophoresis preparations. The presence of RNase-sensitive material, previously reported in Bonami et al, (1990) , was noted in all of our preparations, and we assume that it is degraded mRNA adsorbed onto or loosely associated with the IHHNV particles. As the B band was resistant to MBN, and bands A and C were not, B appears to be double-stranded and A and C single-stranded. The sensitivity to heat of the A and B bands suggest that they correspond to an association or a peculiar configuration of the DNA content of the C band.
Therefore, it can be concluded that the ssDNA from the C band represents the nucleic acid majority enclosed within the virus: it is the minus-strand, by convention in Parvoviridae (Matthews, 1982; Francki et al., 1991) . The MBN-resistant B band is double-stranded as a result of the reassociation of the plus-and minus-strands; the plus-strand appears to be incorporated at a very low percentage of the total ssDNA population compared to the minus-strand. Its distance of migration in gel electrophoresis at about 4 kbp, compared with size markers, is in agreement with the size previously estimated by length measurement in TEM of the genomic ssDNA (Bonami et al., 1990) . For the A band, MBNsensitive and denatured by heating, we hypothesize that it is the result of two or more ssDNA molecules associating by complementary extremities or palindromic sequences. These results emphasize the unusual aspect of this invertebrate virus; indeed, it does not produce nuclei as greatly hypertrophied as do the densoviruses during infection, and it does not encapsidate strands of both polarities at equal frequency, which are characteristics of autonomous vertebrate parvoviruses (Berns & Labow, 1987) rather than invertebrate densoviruses (Barwise & Walker, 1970; Kelly et al., 1977; Nakagaki & Kawase, 1980; Chao et al., 1985) .
In previous attempts (Bonami et al., 1990) , only ssDNA was observed in the IHHNV extracted nucleic acid, and attempts were made to clone it, using (after polyadenylation) oligo(dT) to prime the synthesis of the second strand. Very few positive clones were obtained and they possessed very small inserts (J. R. Bonami, unpublished results). The cloning strategy used in the present study appears to have been better, at least in terms of the number of clones obtained and in terms of the larger inserts.
When compared with the four other inserts studied, the restriction map of the BQ31 insert shows some similarities with BA401 and BA402, but no homology was found with BG45 and DR22. Using the BS4.5 probe, we obtained hybridization with all the four inserts indicating that even BG45 and DR22 possess some sequences similar to those of BQ31. The restriction map of the BQ31 insert exhibits the repetition of an identical sequence, 1.3 kbp in length. This sequence is present also in the inserts BA401 and BA402. For these reasons, we hypothesize that the BQ31 insert could be the result of a reassociation of two or more fragments of the genome during the ligation process and does not represent the full IHHNV genome. However we assume that the majority of the IHHNV DNA genome is represented in the different selected inserts. Sequencing of these different clones is in progress with a view to investigating the full viral genomic structure.
That the BS4.5 probe tested so far reacts only with IHHNV-infected tissues and not with insect parvovirus DNA nor with HPV-infected tissues shows its high specificity for IHHNV. This is more clearly shown by in situ hybridization in which the intranuclear masses labelled with the probes correspond to the Cowdry type A inclusion bodies (Lightner et al., 1983; Lightner & Redman, 1991) which, by their presence in the nuclei of cells in target tissues, constitute the most important element in the histological diagnosis of the disease. This fact rules out definitively the controversy of the real causative agent of the disease: others have reported, in one paper, that IHHNV was a picornavirus, and in another, that it may be a rhabdovirus (Lu et al., 1989 (Lu et al., , 1991 .
The results reported here constitute the first successful cloning of the genome of a pathogen of a marine invertebrate. Because of the high sensitivity and specificity of our probes, they are now in routine use in the University of Arizona's laboratory for the diagnosis of this disease. This work was funded by grants from the U.S. Department of Agriculture, C.S.R.S., Marine Shrimp Farming Consortium, grant
